ABSTRACT In this paper, a new longitudinal-torsional (L&T) hybrid vibrator driven by two longitudinal ultrasonic transducers is proposed for ultrasonic-assisted wire drawing. The two identical transducers were vertically installed on the two side surfaces of a transformer, however, with an offset distance ( x) and stagger angle (α) between their axes. Therefore, the transformer could synthesize and amplify the vibration of the two transducers to produce an L&T composite vibration. Harmonic and transient simulations were performed in ANSYS to investigate the dynamic characteristics and frequency-dependent sensitivity of the vibrator. x and α between the transducers were subsequently optimized to maximize the output amplitude. Based on the finite element analysis (FEA) results, a prototype was manufactured with an electrical circuit developed for impedance matching. The vibrator generates an L&T composite vibration with a measured longitudinal amplitude of about 20 µm when driven by a voltage of 400 V p−p , 19.597 kHz. The result is consistent with the FEA prediction, which indicates a new method of combining two different forms of ultrasonic vibration.
I. INTRODUCTION
Titanium and its alloys are used in airplanes, missiles and rockets where high mechanical strength, low weight and resistance to high temperatures and corrosions are required [1] . Also, they are evaluated as important surgical implant materials for their exceptional tissue compatibility [2] . The strength of titanium alloys components can be further improved through cold processing [3] . However, due to high yield stress to ultimate tensile strength ratio (>0.9), they belong to the group of difficult-to-machine materials [4] , especially for metal forming processes like wire drawing, during which flow stress increases dramatically with strain rate when strain rate is greater than 10 3 s −1 [5] , [6] . Complicated heat treating, surface treatment and vacuum annealing are conducted during conventional wire drawing process [7] - [10] to restore the plasticity of titanium alloys and reduce their deformation resistance, which is both energywasting and detrimental to the environment. In addition, problems such as: high wire breakage ratio [11] , [12] , large contact and friction stress within the contact area, the poor surface finish of the processed wire [13] are associated with conventional methods of wire drawing.
Longitudinal-torsional (L&T) composite mode of vibration is employed in many ultrasonic applications including ultrasonic cutting, drilling, welding, ultrasonic motors and ultrasonic-assisted wire drawing. Ultrasonic cutting and drilling are typically used on brittle materials as well as materials with a high hardness [14] , [15] due to the microcracking mechanics, such as: ceramics, carbides, glass, precious stones and hardened steels, which are difficult to machine using traditional methods. The high frequency, low amplitude vibrations of a tool against the worked material surface are beneficial to reducing the resistance force of the workpiece. For example, during the process of glass cutting, a reduction of required torque by up to 40-50 % could be achieved by introducing longitudinal-torsional hybrid ultrasonic vibration [16] . In addition, ultrasonic-assisted machining can prevent the distortion of the workpiece caused by heat accumulation, therefore achieving a high dimensional accuracy and better surface finish [17] . In the fields of the ultrasonic motor, the spiral motion of the composite mode of vibration generates elliptical movement trajectories at the driving tips, which helps to increase the torque of the motor [18] . As for ultrasonic welding, a single longitudinal mode is usually adequate to complete the job, however, incorporating other modes, such as the torsional mode, can enhance the strength and uniformity of the bonding between the worked materials [19] . Ultrasonic vibration drawing, which imposes various forms of ultrasonic vibration on the die, has been proved helpful in improving lubricant conditions and heat transfer at the workpiecedie interface, enhancing the plasticity of the workpiece, promoting heat transmission and reducing the drawing force [20] , [21] . Therefore, it is promising to introduce longitudinal torsional hybrid ultrasonic vibration into the process of titanium alloy machining.
There are mainly two approaches to generate longitudinaltorsional composite vibrations in ultrasonic applications: degeneration of longitudinal vibration and coupling between longitudinal and torsional modes of vibration [22] . The former creates an inhomogeneous cross-section that twists along the direction of longitudinal wave propagation to produce a spiral wave path [23] , by cutting and twisting a number of grooves along the horn axis or twisting a rectangular crosssection bar about its axis. The latter, however, is achieved by using two sets of PZT (lead zirconate titanate) stacks polarized longitudinally and tangentially [24] , respectively. Both of the two approaches have advantages and limitations. The first approach has good resonant stability, requires a single set of PZT stack and uses a simpler driving circuit, but the complex geometry of the horn is difficult to machine and the proportion between the torsional and the longitudinal vibration is hard to regulate [22] , [25] . As for the second approach, however, voltages applied across the two sets of PZTs can be adjusted separately to regulate the ratio of torsional to longitudinal vibration, but the driving circuit is relatively complicated. Moreover, the tuning of the resonant frequencies and the matching of two nodal planes produced by the two sets of PZTs would be a very tedious process [24] , [26] .
In this paper, we proposed a new longitudinal-torsional composite vibrator driven by two longitudinal transducers for ultrasonic-assisted titanium wire drawing. The transducers were installed onto a pair of symmetric side surfaces of a trapezoidal prism concentrator, however, with an offset distance between their mounting positions. The vibrations at the front ends of the transducers would be decomposed into longitudinal vibrations and transverse vibrations about the axis of the vibrator and then recombined into longitudinal and torsional vibration near the output surface of the vibrator. In the paper, simulations and optimization process based on the FE model were performed to study the influence of the relative position between the transducers on the performance of the vibrator. Then, a prototype was developed and measured to validate the FEA prediction. The vibrator can produce longitudinal vibration (about 20 µm) and torsional vibration (about 0.15 • ) simultaneously, which contributes to enhancing the efficiency of wire drawing process for difficult-to-draw materials. In addition, the vibrator could be conveniently adapted for other ultrasonic-assisted machining processes.
II. STRUCTURE AND WORKING PRINCIPLE
This section describes the structure feature, operating principle and material selection of the skew-typed L&T composite ultrasonic vibrator. The 3-D model and configuration of the vibrator are shown in Fig. 1 . The vibrator consists of an amplitude transformer and two identical transducers which can generate longitudinal vibration. Each of the transducers has a set of PZT ceramic discs sandwiched between a cylindrical rear cap and a front horn, which as a whole were bonded by a prestressed bolt. The amplitude transformer can be divided into two parts: a truncated cone-shaped horn and a trapezoidal prism concentrator, which were machined as a whole part. A stepped through hole was drilled on its top surface along the central axis for the purpose of die mounting and wire guiding. The transducers were separately installed onto a pair of side surfaces of the transformer with their axes vertical to the corresponding surface plane. However, although the two side surfaces are symmetric with respect to the central plane, the mounting holes for transducer installation were not machined at exactly the symmetrical position and therefore the axes of the two transducers are non-coplanar. Two parameters are introduced to describe the relative position of the transducer, as shown in the figure, where α denotes the stagger angle of the axes and x denotes the offset distance between them. Specifically designed clamps and preloaded hexagon head bolts were applied to fix those components of the vibrator on the workbench for wire drawing process.
All the PZT ceramic discs were polarized along their thickness directions -the axial directions of the transducers, with each pair of the neighboring two pieces having the opposite polarization directions, as shown in Fig. 2 . Beryllium bronze sheets, 0.1 mm in thickness, were inserted into the gaps between PZT ceramic pieces, the rear cap and the horn, serving as electrodes. Positive and negative electrodes were arranged alternatively to ensure all the PZT discs expand or contract synchronously, achieving the largest amplitudes at the front end of the transducer. The preloading stress of 105 MPa was applied and adjusted through hexagon bolts to ensure the components, especially the ceramic discs, operate in compression states (with a recommended pressure of 20 MPa), considering their weak tension resistance. When driven by an ultrasonic generator, the two transducers can generate longitudinal vibrations separately, which can be decomposed into the movements in two directions, along or perpendicular to the central axis. The former components would drive the transformer vibrate longitudinally, while the perpendicular components would be composed into a torque, causing the torsional vibration of the transformer. The ratio of torsional to longitudinal response amplitude at the output surface of the vibrator can be regulated by changing the stagger angle α and offset distance x.
III. FINITE ELEMENT ANALYSIS A. FE MODEL ESTABLISHMENT AND PARAMETERS SPECIFICATION
For the effective generation of the L&T composite vibration at the front end of the vibrator, finite-element method (FEM) was applied to study the variation of the vibrator's performance with structural parameters. Because the structure of the skew-typed vibrator is a bit complicated, We built a finite element (FE) model in ANSYS using the APDL (ANSYS Parametric Design Language) commands for the convenience of modifying relevant parameters.
To encourage wave propagation along the forward direction, a higher acoustic impedance material, steel 45, was chosen for the rear caps with a mass density of 7750 kg/m 3 , Young's modulus of 210 GPa, and Poisson ratio of 0.28. The other components, except for the PZT ceramics, are made from duralumin alloy 7A04, with the mass density, Young's modulus and Poisson ratio of 2700 kg/m 3 , 75 GPa and 0.3 respectively. The material selected for the ceramic discs is PZT-8 which is specialized for high power applications and characterized by its stability over time, high dielectricity, high mechanical quality factor and excellent elastic properties. 
Where e, c and ε s stand for the piezoelectric matrix, the stiffness matrix and the dielectric matrix, respectively. Fig. 3 . demonstrates the basic dimensions of the amplitude transformer (left) and the piezoelectric ultrasonic transducer (right), where the size of the ceramic disc is 50 mm× 22 mm×5 mm and the thickness of the bronze sheet electrode is 0.1 mm. The other dimensions of the transducers are derived from the principle of the wave equation. The relative positions of the two separate transducers would be determined via two parameters, α (the stagger angle) and x (offset distance), the initial values of which were assigned to be 60 • and 20 mm, respectively. Point A and B respectively are selected edge points at the output surface of the vibrator and transducer to extract relevant vibration data.
Based on the structural dimensions and characteristic parameters mentioned above, the FE model was established in ANSYS, where a coupled-field element identified as SOLID226 was specified for the meshing of PZT ceramics, while the rest components were meshing with the structural solid element SOLID186. The meshed model of the vibrator is shown in Fig. 4 ., which also demonstrates the fixed boundary condition as well as PZT stacks and electrodes configuration. It can be found that the vibrator was constrained in all DOF (degrees of freedom) at the back ends of the two transducers. In addition, alternating voltages with a phase difference of 180 • were applied across the PZT pieces via VOLUME 4, 2016 two sets of electrodes. The resonant frequency and corresponding vibration mode, dynamic response of the vibrator, as well as the influences of relevant parameters were subsequently studied using the established FE model.
B. MODAL AND HARMONIC RESPONSE ANALYSIS
Modal analysis, which is used to determine the vibration characteristics of a structural under vibrational excitation, is the prerequisite for more detailed dynamic analysis such as: a harmonic response analysis, or a transient analysis.
Based on the FE model proposed above, the natural frequencies and mode shapes can be obtained through modal analysis. During the simulation, the range of frequency was specified to be between 20 kHz, which typically presents the low ultrasonic threshold, to 30 kHz. The 1st to the 7th resonance frequencies were listed in Table 1 Harmonic response analysis was then performed to predict the steady-state behavior of the vibrator by calculating the amplitudes of the vibrator at various frequencies. A constant voltage of 400 V p−p was applied across the PZT pieces in harmonic analysis instead of 0 V in modal analysis. Because the peak vibrational amplitudes occur when the loading frequencies match with the natural frequencies of the vibrator, the simulation was conducted within a small range (20.250 kHz to 20.258 kHz) around its longitudinal resonant frequency, the results of which are shown in Fig. 6 . It can be seen that the amplitudes of the longitudinal displacement at the ends of the vibrator and the transducer (point A and B in Fig. 3.) were 110 µm and 38 µm respectively, achieving a magnification factor of 2.9, as indicated in Fig. 6 (a) . Meanwhile, due to the asymmetrical spatial arrangement of the two identical transducers, the vibrator also generates a torsional vibration, providing a tangential movement (in X and Y directions) for those points at the front surface of the vibrator, however, the amplitude is much smaller. Even at the edge points of the front surface, where the movements in tangential directions are most prominent, the maximum amplitude is merely 5 µm to 6 µm, occurring at the same frequency as the longitudinal resonant frequency of the vibrator, as shown in Fig. 6 (b) . The greatest torsional angle can be subsequently calculated using the maximum tangential amplitude and the radius at the output end. The great slope steepness of the harmonic response curves is mainly caused by the absence of the damping coefficient.
C. TRANSIENT DYNAMIC ANALYSIS
Unlike harmonic analysis which focuses on the steady-state response of a structure in the frequency domain, transient analysis is a time-history method to investigate the dynamic performance of a structure under the excitation of any general time-dependent loads. When the same sinusoidal driving voltage of 400 V p−p , 20.25 kHz and without phase difference was applied to the two separate transducers, the time-varying displacements of the transducer and the vibrator can be determined, as shown in Fig. 7 . The longitudinal displacements at the front ends of the transducer and the vibrator within 0.8 ms are shown in Fig. 7 (a) . It can be found that the longitudinal vibration amplitude of vibrator (17.14 µm) is much greater than that of the transducer (5.42 µm), with a magnification factor of 3.16. The error of the magnification factors between harmonic and transient analysis will be narrowed by prolonging the transient simulation. The tangential displacements of the edge points at the front end of the vibrator within the same period are plotted in Fig. 7 (b) . The maximum value of the tangential vibration amplitude in X and Y directions are about 1.5 µm and 3 µm, respectively. Therefore, the vibrator can generate an L&T hybrid vibration, although the amplitudes in tangential directions are quite small. The tangential movement trajectory of the particles at the front edge of the vibrator is illustrated in Fig. 8 ., where the tangential amplitude of the torsional vibration reached about 4 µm. The elliptical trajectory also indicates that there is a phase difference exists between the X and Y components of the tangential movement.
D. POSITION PARAMETERS OPTIMIZATION OF THE TRANSDUCERS
The working performance of the vibrator would be affected by various parameters, such as: physical properties of the selected materials, dimensions of the components, positional relationship and connection type between the parts etc. However, in this paper, we mainly investigate how the arrangement of the two transducers influence the performance of the vibrator, in terms of its longitudinal resonant frequency, amplitude and corresponding torsional or tangential vibration amplitudes. The spatial position relationship between the transducers is determined by two variables: the angle between the axis of the transducers (α) and the distance between them ( x). Therefore, they were separately optimized so that the vibrator can output the greatest amplitude within the required frequency range (around 20 kHz).
The variation of the longitudinal resonant frequency and corresponding amplitudes with the positional variables of the transducers is plotted in the curves below. In Fig. 9 (a) .,
x was assigned to be a constant (8 mm), while α ranged from 30 • to 90 • . It can be seen that when α rises from 30 • to 60 • , the resonant frequency and amplitude showed an upward trend, but only gradually. Afterward, they decreased sharply with the increment of the resonant frequency, falling from the peak value of 18 µm, 20.25 kHz at 60 • to roughly 10.5 µm, 20.20 kHz when α increased to 90 • . In Fig. 9 (b) ., α was given as a constant (60 • ), while x changed from zero to 16 mm. It can be easily found that with the growth of x the resonant frequency dropped remarkably, while the amplitude almost showed no change. Fig. 10 . states the variation of the tangential and torsional vibration amplitudes with the distance between the two transducers. As x increased from zero to 16 mm, there was a continuous increase in both the tangential and the torsional amplitudes. Afterward, when x changed from 16 mm to 20 mm, it showed a decline in the tangential amplitude, while the torsional amplitude almost stayed unchanged. Therefore, the angle and distance between the two transducers were assigned to be 60 • and 16 mm for the prototype manufacturing purpose, where the vibrational amplitude of the vibrator in longitudinal, tangential and torsional directions reached 17 µm, 3.92 µm and 0.15 • , respectively, according to the simulation results.
IV. PROTOTYPE FABRICATION AND MEASUREMENT
The final prototype of the skew-typed vibrator and the corresponding connecting lug were manufactured, VOLUME 4, 2016 the assembly of which is demonstrated in Fig. 11 (a) . The electrical impedance of the vibrator when driven by alternating voltages of different frequencies were measured using the impedance test equipment Agilent HP 4294A. The change curves of the impedance in terms of its magnitude and phase are plotted in Fig. 11 (b) . It can be found that the impedance bottom out at around 21.6 kHz with the magnitude and phase angle of about 123 , −61 • , respectively, which indicates the vibrator resonated at this point. The discrepancy between the resonant frequency obtained from impedance test and that from the FE simulation could be attributed to several reasons such as: the machining tolerance, preloading tension force, PZT parameters error, the conductivity of the glue binding electrodes and PZT discs together etc.
In order to maximize the power transfer and minimize signal reflection of the ultrasonic vibrator, the impedance matching circuit was designed to make it purely resistive (no reactance) at the resonant frequency. The equivalent circuit model of the transducer and the corresponding impedance matching circuit of the vibrator are shown in Fig. 12 . The required series inductance can be calculated by the following Eq. (4), where C 0 represents the static capacitance; R 1 , C 1 , L 1 represent the dynamic resistance, capacitance and inductance of the ultrasonic transducer, respectively; and L s means the value of matching inductance. The values of the above parameters of the two transducers and the corresponding matching inductance were measured and calculated, as listed in Table 2 .
The vibration mode and resonant frequency of the ultrasonic vibrator after impedance matching were detected with the Polytec Laser Doppler Vibrometer (PSV-400-M2, Germany), an advanced non-contact measurement tool, as is shown in Fig. 13 . During the measurement, a sweep voltage of 20 V, 0-50 kHz was applied to the transducers and the top surface of the composite ultrasonic vibrator was scanned with a circular laser pointer to examine its longitudinal vibration. The tested vibration mode shapes and vibration velocity response spectrums are shown in Fig. 14 . It can be seen that the vibrator resonated at the frequency of 19.18 kHz and generated a longitudinal vibration with the maximum velocity of about 0.6 mm/s. The vibrator can also generate a bending mode vibration at the frequency of 26.12 kHz, but the peak vibration velocity is much smaller. Deviation of about 2.42 kHz between the two resonant frequencies by impedance test and vibrometer measurement might be brought about by the effects of matching inductance, as well as the different magnitudes in driving voltages. The error of the resonant frequencies between the measurement and the simulation results, however, might be mainly caused by the different boundary conditions, because the ends of the transducers were not able to be perfectly constrained in the process of measurement.
However, the displacement measuring module of the vibrometer has not yet been equipped at present. Instead, a micrometer gauge was applied to measure the actual value of the longitudinal amplitude. The maximum amplitude of the longitudinal vibration was measured to be about 20 µm under the driving voltage of 400 V p−p , 19.597 kHz. There was an error of about 3 µm compared with FE simulation prediction, which might be caused by the low precision of the measure tool, the mismatch between actual and perfect boundary conditions, the interference of the vibration operating conditions etc. It should be noticed that the differences in boundary condition, driving voltages and loads are unavoidable between the vibrometer measurement process and the actual working condition, which should be responsible for the error between the obtained resonant frequencies.
As for the torsional mode of the vibrator, it could not be directly measured by the type of vibrometer we have at present, which is normally used to measure the vibration mode of a flat plane instead of a cylindrical surface. An alternative approach is to machine some steps at the output end of the vibrator and adopt a cantilever type of fixation for the convenience of laser scanning. However, this modification might also bring about certain kinds of errors and increase the difficulties of die installation. As a substitute, we measured the vibration mode shape at the trapezoidal area of the concentrator and got a bending mode vibration shape at the first order longitudinal resonant frequency, as the upper right picture in Fig. 14. shows. This means the torsional vibration mode had been produced and L&T vibration is achieved using the transformer and could verify the FEM prediction to some extent. In the future, we hope to adopt more appropriate structures to improve the feasibility and precision of the torsional vibration measurement, such as: using a twisted rectangular bar for ultrasonic wave propagating.
V. CONCLUSIONS
A skew-typed longitudinal-torsional composite vibrator driven by two identical longitudinal transducers has been proposed, designed and tested. Modal and harmonic analysis show the structure can produce a longitudinal and torsional hybrid vibration at the resonant frequency of 20.25 kHz. The transient calculation indicates the vibrator can produce a longitudinal amplitude of 17.14 µm, achieving a magnification factor of 3.16. The tangential displacements within the same period were calculated to be about 4 µm (1.5 µm in X direction and 3 µm in Y direction). The offset distance and stagger angle between the two transducers are important factors in the designing process, which could be used to regulate the resonant frequency, output amplitude and the weight of the torsional component. A sensitivity analysis was performed to optimize the arrangement of the two transducers. The optimal stagger angle and the offset distance between them were found to be 60 • and 16 mm, where the vibrator can output longitudinal, tangential and torsional amplitude of 17 µm, 3.92 µm and 0.15 • , respectively. A prototype based on the optimized parameters were manufactured with a specific circuit developed for the purpose of impedance matching. The maximum longitudinal amplitude was the measurement to be about 20 µm when driven by a voltage of 400 V p−p , 19.597 kHz, which conform to the FEA prediction. The vibrator could be used in wire drawing process and can be subsequently adapted for other ultrasonic-assisted applications.
